INTRODUCTION
RNAi-related pathways play important roles in genome surveillance and fertility (Aravin et al., 2007; Ghildiyal and Zamore, 2009; Thomson and Lin, 2009) . Argonaute (AGO) proteins bound to small RNA cofactors, 20-30 nucleotides (nt) in length, are the key effectors of RNAi pathways (Carmell et al., 2002) . Structurally related to RNase H, AGOs are thought to present nt 2-8 (the seed region) of the guide RNA with a preformed helical pitch that is likely to reduce the free energy of initial base pairing with potential targets (Parker et al., 2005; Song et al., 2004) . Base pairing between the seed region and target is thought to drive further pairing that positions the backbone of the target RNA within the DDH catalytic triad of AGO, which mediates target-strand cleavage and leaves the guide strand intact for additional rounds of targeting.
Not all AGOs encode a functional RNase H (or Slicer) domain. Moreover, catalytically competent AGOs do not always cleave their targets to silence gene expression (Liu et al., 2004; Yigit et al., 2006) . In animals, mismatched nucleotides and G:U wobble base pairs are a common feature of microRNA (miRNA)-mediated silencing (Bartel, 2009) . During miRNAmediated silencing, AGOs are thought to recruit accessory factors that block translation and/or increase mRNA turnover (Bartel, 2009) .
AGOs related to Drosophila Piwi are key regulators of germline development (Lin and Spradling, 1997) and genome integrity in animals (Siomi et al., 2011) . Piwi proteins engage small RNAs (called piRNAs) complementary to transposons and silence transposons in the germline (Aravin et al., 2007; Thomson and Lin, 2009 ). In C. elegans, an expanded group of worm-specific AGOs (WAGOs) interact with small RNAs (called 22G-RNAs) synthesized by RNA-dependent RNA polymerase (RdRP) and silence transposons, pseudogenes, and other loci in the germline . WAGOs also function downstream of the Argonaute RDE-1 in response to exogenous double-stranded RNA (exo-RNAi). However, RDE-1 is not required for transposon silencing, nor is it required for silencing of most endogenous WAGO loci; thus, the upstream triggers (if any) that initiate 22G-RNA biogenesis are unknown in the majority of cases.
The C. elegans piwi-related gene prg-1 regulates germline development and fertility, but it seems to have a limited role in transposon silencing (Batista et al., 2008; Cox et al., 1998; Das et al., 2008 ). Tc3 appears to be the only transposon family silenced by PRG-1 (Das et al., 2008) , and PRG-1 interacts with piRNAs (or 21U-RNAs) complementary to Tc3, but not other transposons (Batista et al., 2008) . Importantly, desilencing of Tc3 in a prg-1 mutant correlates with a reduction in WAGOassociated 22G-RNAs targeting Tc3. Because silencing of Tc3 is also dependent on the WAGO pathway, these findings suggest that piRNAs can recruit RdRP to generate 22G-RNAs and initiate the WAGO silencing pathway (Batista et al., 2008; Gu et al., 2009 ).
In C. elegans, more than 15,000 21U-RNAs are expressed from two large clusters on chromosome IV (Ruby et al., 2006; Batista et al., 2008) . The 21U-RNAs resemble mammalian ''pachytene'' piRNAs that are also expressed from large genomic clusters (Aravin et al., 2006; Batista et al., 2008; Das et al., 2008; Lau et al., 2006; Ruby et al., 2006) . These worm and mammalian piRNA species are remarkable in that most lack an obvious target; except for Tc3 piRNAs, nearly all of the C. elegans piRNAs lack perfect sequence complementarity to transposon or other endogenous gene targets. Nevertheless, the sequence diversity of 21U-RNAs and mammalian meiotic piRNAs is such that, if relaxed (miRNA-like) base pairing was allowed, then these piRNAs could target all mRNAs expressed in the germline.
Here, we show that prg-1 mutants, which lack piRNAs, exhibit a striking depletion of a subset of RdRP-derived 22G-RNA species. Regions depleted of 22G-RNAs are enriched for sequences with potential for energetically favored base-pairing to 21U-RNA species. By engineering transgenes containing complementarity to endogenous 21U-RNAs, we show that 21U-RNAs can induce silencing and do so through the WAGO-22G pathway. Interestingly, PRG-1 initiates but is not required to maintain trans-generational silencing on a transgene target. Together, our data support a model in which C. elegans piRNAs collaborate with the secondary WAGO amplification system to initiate and reinforce trans-generational silencing on foreign and certain endogenous sequences. Furthermore, our findings suggest that other endogenous germline-expressed genes, targeted by CSR-1-22G-RNAs, are resistant to piRNA-induced silencing.
RESULTS
prg-1 Mutants Primarily Affect the WAGO 22G-RNA Pathway Previous studies indicated that the Tc3 transposon is expressed and mobile in the germline of a prg-1 mutant (Batista et al., 2008; Das et al., 2008) . Importantly, 22G-RNAs targeting Tc3 were reduced proximal to and on the same strand as a 21U-RNA residing within the inverted repeat of Tc3. These findings raised the possibility that targeting of Tc3 by a PRG-1-21U-RNA complex can recruit RdRP to initiate WAGO-22G-dependent silencing (Batista et al., 2008; Das et al., 2008; Gu et al., 2009) .
To further explore a link between 21U-RNAs and 22G-RNA accumulation, we first asked whether 22G-RNA levels were altered in prg-1 mutants (in which 21U-RNAs are absent). When all 22G-targeted loci were considered together, we failed to observe a clear correlation between prg-1 activity and 22G-RNA levels ( Figure 1A ; Batista et al., 2008) . However, recent reports have shown that 22G-RNA loci can be sorted into at least four distinct AGO pathways; the CSR-1 pathway, the WAGO pathway, the Eri (ERGO-1-WAGO) pathway, and the Eri (ALG-3/4-WAGO) pathway Conine et al., 2010; Gu et al., 2009; Han et al., 2009; Maniar and Fire, 2011; Vasale et al., 2010) . We therefore examined the fraction of loci in each pathway with increased, unchanged, or decreased 22G-RNA levels in prg-1 mutants versus wild-type ( Figure 1B and Figure S1 available Figure S1 .
WAGO targets exhibited a strong tendency toward depletion of 22G-RNAs ( Figure 1B ). The other pathways (CSR-1, ERGO-1, and ALG-3/4) exhibited no clear trend, with most loci unchanged. Consistent with the idea that WAGO 22G-RNAs negatively regulate their targets, we observed an overall trend toward increased mRNA expression of WAGO mRNA targets in prg-1 mutant worms ( Figure 1C ). By contrast, the expression of CSR-1 targets was not changed in prg-1 mutants ( Figure 1C ). Taken together, these findings indicate that PRG-1 is required to silence a subset of WAGO targets in the germline.
Production of 22G-RNAs around Predicted 21U-RNA Targets We noticed that 22G-RNAs are not distributed randomly along many endogenous target mRNAs but instead exhibit significant hot spots where specific 22G-RNA species are tens or hundreds of times more abundant than elsewhere in the same target (Figures 2 and S2 ). We wondered whether these hot spots might represent regions where RdRP is recruited by PRG-1/21U-RNA targeting. Only 29 WAGO targets exhibit perfect complementarity to annotated 21U-RNAs (Table S1 ). Therefore, we reasoned that, if 21U-RNAs drive the accumulation of the WAGO 22G-RNA species, they must do so through imperfect base-pairing interactions. We therefore decided to ask whether 22G-RNA levels exhibit enrichment over mRNA-coding regions with the potential for imperfect but energetically favorable base pairing with 21U-RNAs. Studies on miRNA target interactions indicate the importance of strong base pairing in the seed region, residues 2-8, and also suggest that a limited amount of G:U pairing is tolerated (Bartel, 2009) . We chose parameters for pairing that were higher in stringency than that observed for most miRNA/target interactions but sufficiently relaxed to allow an average of two 21U-RNA sites in an average-sized gene (Table 1) . This involved allowing a total of, at most, two mismatched pairs and one G:U pair outside of the seed region, with no mismatches (and at most one G:U pair) within the seed region. We then determined the level of 22G-RNAs within a 100 nt window of sequence centered around each potential 21U-RNA complementary site in wild-type and prg-1 mutants. In addition, we separately considered 21U-RNAs matching WAGO targets and CSR-1 targets.
This analysis revealed a significant enrichment of 22G-RNAs in wild-type relative to prg-1 mutant animals for 22G-RNA production within ±50 nt of predicted 21U-binding sites at both WAGO targets and CSR-1 targets (Figures 2A-2J ). When all annotated 21U-RNAs were considered, we observed an 3-fold enrichment of 22G-RNAs in wild-type over prg-1 mutant animals, with a peak directly over the predicted 21U-binding sites in WAGO targets (Figures 2A and 2I ). By contrast, for CSR-1 targets, we observed a much more modest number of reads and a median enrichment of 1.4-fold ( Figures  2B and 2I) .
Not all predicted 21U-RNAs are expressed at equal levels, which led us to ask whether local 22G-RNA levels were correlated with 21U-RNA expression levels. Strikingly, when only the most abundant (top 20%) 21U-RNA species were considered, we found that the number of reads per million in wild-type increased dramatically, with a median enrichment of nearly 9-fold for 22G-RNA levels in wild-type relative to the prg-1 mutant, with a peak once again situated directly over the 21U-RNA complementary region ( Figures 2C and 2I ). By contrast, for CSR-1 targets, there was, at most, a 2-fold increase in reads per million, with a median increase of 1.5-fold ( Figures 2D and 2I ). No enrichment was observed when the least abundant 20% of 21U-RNAs were considered ( Figures 2E and 2F) or when a conceptual library of reverse-complement 21U-RNA sequences was used to predict potential binding sites ( Figures 2G-2I ).
In the above analysis, we required nearly perfect seed pairing (at most one G:U pair). To examine the consequences of mismatches within the seed region, we identified a control set of hypothetical 21U-RNA/target interactions with similar overall base pairing potential but with very poor seed pairing. Consistent with the idea that seed pairing is important for targeting, we found little enrichment in 22G-RNA levels associated with poor seed-matched 21U-RNA/target pairs ( Figure 2J ).
As expected from the global analysis above, when specific potential-21U-RNA/target interactions were examined at single-nucleotide resolution, we observed peaks in 22G-RNA levels that are proximal to or overlap with predicted 21U-RNA target sites ( Figures 2K and S2 ). Thus, high-affinity 21U-RNA sites are correlated with the local production of 22G-RNAs on WAGO targets.
Nevertheless, we were surprised to find that at least 89 WAGO targets failed to show prg-1-dependent accumulation of 22G-RNAs despite the presence of one or more high-affinity 21U-RNA-binding sites (Table S1 ). This finding suggests that other unknown factors must influence 22G-RNA biogenesis on WAGO targets (see Discussion).
PRG-1 Slicer Activity Is Not Necessary for the Accumulation of Most 22G-RNAs
To ask whether an intact Slicer domain is required for prg-1 activity, we mutated the first aspartic acid of the DDH catalytic triad of PRG-1 (D583A). Mutations in the corresponding aspartic acid have been shown to abolish Slicer activity of other AGO proteins (Liu et al., 2004; Maiti et al., 2007; Steiner et al., 2009 ). We generated flag::prg-1(WT) and flag::prg-1(D583A) transgene constructs and introduced them into a defined chromosomal locus using homologous recombination (Frøkjaer-Jensen et al., 2008) . Both transgenes were expressed at 15% of wildtype PRG-1 level ( Figure 3A) , and both transgenes rescued 21U-RNA levels to a similar degree in a prg-1 mutant background ( Figure S3 ). However, when we examined fertility in the rescued strains, we found that the Slicer-defective transgenic lines were consistently less fertile than the wild-type-rescued lines ( Figure 3B ). We next repeated the analysis described in Figure 2 to determine whether the rescued strains restore the level of 22G-RNAs near predicted 21U-RNA target sites. Interestingly, both WT and D583A transgenes partially rescued the 22G-RNA accumulation ( Figures 3C and 3D) . Using quantitative PCR to analyze the mRNA levels of three target genes, we found that both the WT and D583A transgenes rescued the silencing defect of prg-1 to a similar degree ( Figure 3E ). These findings suggest that Slicer activity is not necessary for the rescue of most prg-1-dependent 22G-RNAs. However, we did find specific targets in which 22G-RNA levels were either up or down in the D583A mutant relative to WT (Table S2) , and it remains possible that one or more of these targets are responsible for the failure of the D583A mutant transgenes to rescue fertility.
PRG-1 Is Required for Initiation, but Not Maintenance, of WAGO-22G-RNA-Dependent trans-Generational Silencing The above results suggest that some, but not all, WAGO targets are subject to prg-1-dependent 22G-RNA induction and silencing. To further explore the consequences of 21U-RNA targeting, we engineered pie-1-promoter-driven GFP::histone H2B reporters with or without two 21U-RNA complementary sites embedded in the 3 0 UTR of the muscle myosin gene unc-54 (see Experimental Procedures). We chose this reporter cassette because previous work had shown that transgenes driven with this reporter backbone have a low frequency of spontaneous silencing (data not shown). We used the MosSCI method to ensure that the transgenes are single copy and are inserted at the same chromosomal site (Frøkjaer-Jensen et al., 2008) . We found that control reporters with no 21U-RNA target sequences or with the reverse-complement sequences were always expressed ( Figures 4A-4C ). However, reporters containing 21U-RNA target sites were always silenced when introduced into the wild-type background but were expressed when introduced directly into the prg-1 mutant background ( Figures 4A  and 4C ). We also tested reporters that contain a mismatch at nucleotide 10 relative to the 21U-RNA sequence, which has been shown to dramatically reduce the ability of Argonaute to slice a target (Martinez and Tuschl, 2004; Shin et al., 2010) . Again, we found that all lines (four of four) containing the 21U-RNA mismatch reporters were completely silenced when introduced into wild-type animals ( Figure 4C ). Together, these findings suggest that endogenous 21U-RNAs can silence a reporter by base pairing with complementary sequences in the 3 0 UTR. Moreover, a mismatch at position 10 of the 21U-RNA does not prevent silencing, consistent with our finding that a Slicerdeficient PRG-1 can still silence ( Figure 3E ; Bagijn et al., 2012) .
The preceding analysis indicated that 22G-RNA production occurs locally within a 100 nt window near predicted 21U-RNA target sites. We therefore wished to ask whether 22G-RNAs were produced locally around the synthetic 21U-RNA target sites in the reporter 3 0 UTR. Deep sequencing revealed a dramatic increase of 22G-RNA levels originating mostly 5 0 of the 21U-RNA target site ( Figure 4B ). The single most abundant 22G-RNA species in the silent reporter strains was found to overlap by 2 nt with the 3 0 end of the 21ur-4854 complementary sequence in the reporter 3 0 UTR. No such induction of 22G-RNAs was observed in a strain carrying the actively expressed control reporter lacking the artificial 21U-RNA target sites ( Figure S4) . Interestingly, 22G-RNAs were also significantly enriched within the GFP region but were not enriched within the transgene region corresponding to histone sequences ( Figure 4B ; see Discussion)
.
Surprisingly, we found that maintenance of silencing on this reporter did not depend on prg-1 ( Figure 4C ). When a prg-1 mutation was crossed into an already silent reporter strain, the transgene did not recover expression even after propagating for more than six generations in the prg-1 mutant background ( Figure 4C ). By contrast, we found that crossing a WAGOpathway-specific RNAi-deficient mutant, rde-3, into the strain resulted in full recovery of transgene expression, indicating that the maintenance of silencing requires the WAGO-22G pathway. Conversely, when an active version of this transgene, established by injecting the transgene directly into prg-1 mutants, was outcrossed to wild-type, we found that the transgene was silenced in 100% of the F1 cross progeny. Furthermore, the transgene remained silent in all F2 segregants from this cross, including prg-1 mutant homozygotes. Silencing was also observed when the active transgene generated in the prg-1 mutant background was crossed to either the flag::prg-1(WT)-or flag::prg-1(D583A)-rescued strains. However, consistent with the idea that the Slicer mutant partially compromises PRG-1 function, the reporter was silenced with a significant delay when crossed into the flag::prg-1(D583A) strain. For example, we found that only one of five F1 flag::prg-1(D583A) cross progeny were silenced, whereas ten of ten F1 flag::prg-1(WT) cross progeny were silenced. Nevertheless by the F3, 100% of reporter lines in both the flag::prg-1(WT) and (D583A) backgrounds were fully silenced. These results suggest that Slicer activity contributes to PRG-1 function but is not essential for silencing. Taken together, our findings indicate that PRG-1 and its 21U-RNA guides can initiate a long-lasting trans-generational mode of silencing that, once established, is maintained by the WAGO 22G-RNA pathway.
DISCUSSION

Piwi/piRNA Complexes Recognize Targets through Imperfect Pairing and Trigger Local Production of WAGO 22G-RNAs
Although Piwi proteins and their associated piRNAs have been linked to transposon suppression in flies, mammals, and C. elegans, there remain many piRNAs whose targets cannot readily be deduced from their sequences alone. For example, in both mammals and nematodes, the majority of piRNAs lack obvious sequence complementarity to transposons or other expressed mRNA sequences in the cell. Here, we have shown that C. elegans mutants lacking the Piwi Argonaute PRG-1 not only lack piRNA (21U-RNAs), but also exhibit a striking depletion of some, but not all, RdRP-derived 22G-RNAs. Interestingly, the prg-1-dependent 22G-RNAs were overwhelmingly associated with the WAGO pathway, which has been linked to the silencing of transposons, pseudogenes, and nonannotated loci, as well as 1,021 annotated genes . We have also shown that WAGO targets exhibit a local enrichment of 22G-RNAs (of up to 9-fold) surrounding potential high-affinity 21U-RNAbinding sites. This correlation was strengthened when the most abundant 21U-RNAs were considered separately and was lost when the least abundant 21U-RNAs were considered. This enrichment for local 22G-RNA accumulation was much less pronounced for CSR-1 (1.5-to 2-fold).
Consistent with these global correlations between predicted 21U-RNA targeting and 22G-RNA production and mRNA silencing, we have shown that individual transgenes engineered to contain sites complementary to specific endogenous 21U-RNAs are subject to potent prg-1-dependent silencing. Furthermore, consistent with the idea that PRG-1 initiates 22G-RNA biogenesis locally on its target RNAs, we observed a dramatic production of 22G-RNAs overlapping the synthetic 21U-RNA complementary site in the reporter construct. Whereas initiation of reporter silencing depended on PRG-1 activity, maintenance of silencing did not and was instead dependent on the WAGO/ RdRP silencing pathway. Together with a parallel study (Shirayama et al., 2012 [this issue of Cell]), these findings are consistent with a model ( Figure 4D ) in which the WAGO, CSR-1, and PRG-1 Argonaute pathways converge to recognize ''self'' and ''nonself'' sequences. The induction of silencing on foreign sequences is initiated by PRG-1; an epigenetic memory of self/ active is maintained by the CSR-1 pathway, and of nonself/silent by the WAGO pathway.
A recent study suggests that C. elegans piRNAs are depleted for self-complementary sequences and may avoid silencing endogenous protein-encoding genes by selecting against selfrecognition . We did observe what appears to be a slight (2-fold) trend for the depletion of perfect matches to 21U-RNAs among CSR-1 targets. For example, 22 of 3,659 annotated CSR-1 targets have perfect complementarity to 21U-RNA species, whereas 29 of 2,911 annotated WAGO targets have perfect pairing. When compared to WAGO target loci, there was also a slight bias against CSR-1 targets with 1 (1.18-fold), 2 (1.86-fold), or 3 (1.2-fold) mismatches. Nevertheless, it is important to note that, despite these slight biases, 21U-RNAs with three or fewer mismatches target at least 1,380 germline-expressed CSR-1 loci, whose mRNA expression was unaffected in prg-1 mutants. Thus, if selection against 21U-RNA pairing exists within germline-expressed mRNAs, it is very mild and cannot explain why CSR-1 targets do not undergo prg-1-dependent silencing. Furthermore, there are more than 1,000 annotated endogenous (nontransposon) germline-expressed genes that are silenced by WAGO pathway 22G-RNAs , and it was among these targets that we observed a strong (3-9 fold) depletion of 22G-RNAs near 21U-RNA complementary sites. So, our analysis indicates that WAGO targets are sensitive to prg-1-induced silencing, whereas many other genes (primarily CSR-1 targets) have similar levels of complementarity to 21U-RNAs but are resistant to silencing. The Bagijn et al. study also reported that piRNAs are enriched for complementarity to transposon ends. We observed a similar trend; however, the numbers are low. Out of a total of ten 21U-RNAs with perfect matches to transposons in our data sets, five matches were located at the first or last 50 nt of the transposon. This is an intriguing trend, indicating that 21U-loci can trap transposons, perhaps in a manner similar to that observed for piRNA clusters in the fly. If a transposon inserts within the 40 nt window between a 21U promoter element and the 21U (no target site) transcription start site, then it is possible that a new transposon-targeted 21U species could be generated. However, it is not clear whether or how such 21U-RNAs could mediate transposon silencing, as the resulting end-associated piRNA is unlikely to be complementary to an expressed portion of the transposon.
Not all WAGO targets exhibited decreased 22G-RNA levels in prg-1 mutant animals even though many of these targets contained one or more high-affinity 21U-RNA complementary sites. There are several possible explanations for these findings. First, WAGO-22G-RNAs are known to function downstream of RDE-1 in the dsRNA pathway and downstream of ERGO-1 and ALG-3/4 in the Eri pathway; we found that RDE-1 and ERI-pathway 22G-RNAs were not depleted in prg-1 mutants. However, these alternative pathways do not account for all of the WAGO targets whose 22G-RNA levels remain high in prg-1 mutants. A second possibility is that these endogenous loci were targeted by PRG-1 in a previous generation, but now the WAGO-pathway independently maintains their silencing. This latter possibility would thus mirror the finding that PRG-1 was required to initiate, but not maintain, WAGO-dependent silencing of our reporter construct. Does CSR-1 Protect Its Targets from PRG-1 and WAGOMediated Silencing? Because 21U-RNAs have the potential to target essentially all germline transcripts, a mechanism must exist to prevent silencing of functional germline genes. CSR-1 and its associated 22G-RNAs target but do not silence thousands of germlineexpressed protein-encoding mRNAs ); therefore, CSR-1 22G-RNAs are ideal candidates for this protective function. Consistent with this idea, we have shown that, despite an abundance of potential high-affinity 21U-RNA-binding sites, CSR-1 targets exhibit no change in mRNA expression and, at most, a slight (1.5-to 2-fold) change in 22G-RNA levels near predicted 21U-target sites. In our analysis of a 21U-RNA reporter strain, we observed 22G-RNAs produced from the 3 0 UTR region and also within the GFP region of the transgene. However, very few 22G-RNAs were observed within the transgenic region corresponding to the germline-expressed histone H2B, which is a known target of CSR-1 22G-RNAs ). Therefore, CSR-1 may prevent PRG-1 recruitment to its targets, perhaps by selectively destroying PRG-1-bound template RNAs before RdRP can produce WAGO 22G-RNAs (see model in Figure 4D) . Such a self-protection pathway could explain why high-affinity pairing is tolerated in many actively expressed endogenous mRNAs (e.g., CSR-1 targets).
In a parallel study, the Miska group generated a 21U-RNA reporter for which PRG-1 was continuously required to maintain silencing. In their reporter, the 21U-RNA target site was flanked by the his-58 coding sequence and the tbb-2 3 0 UTR ; both are targets of CSR-1 22G-RNAs . By contrast, PRG-1 is only required to initiate (not to maintain) silencing of our reporter, in which the 21U-RNA target sites are embedded in the unc-54 3 0 UTR, a somatic transcript that is not targeted by CSR-1 22G-RNAs. Thus, one intriguing explanation for the difference in the behavior of these 21U-RNA reporters is that the presence of flanking sequences targeted by CSR-1 can help to drive the recovery of the transgene from silencing once prg-1(+) is crossed out of the strain. Such a mechanism could explain the existence of endogenous genes that (like the Miska study transgene) require PRG-1 for maintenance of silencing. These loci might represent genes that are targeted at least partially by both the WAGO and CSR-1 pathways.
Finally, Shirayama et al. (2012) have shown that a stable transgenerational form of WAGO-dependent silencing, referred to as RNA-induced epigenetic silencing (RNAe), also requires prg-1(+) activity for initiation, but not for the maintenance of silencing (see also Ashe et al., 2012 [this issue of Cell] ). Single-copy transgenes containing a GFP sequence fused to an endogenous gene can be permanently silenced or expressed. Interestingly, WAGO 22G-RNAs targeting these silent transgenes were found to accumulate only within the GFP sequences and did not spread into neighboring transgene sequences shared with endogenous germline-expressed mRNAs. These findings are also consistent with a CSR-1 protection model. Taken together, these findings suggest that a perfectly complementary 21U-RNA sequence can overcome local CSR-1 22G-RNA protection, whereas transgenes lacking perfectly complementary 21U-RNA sequences (like those analyzed in Shirayama et al., 2012) are prone to PRG-1-initiated silencing through imperfect 21U-RNA binding at one or more partially complementary 21U-RNA sites within the foreign sequences (Shirayama et al., 2012) .
Argonautes as Mediators of Genome-wide Surveillance of Gene Expression
Macronuclear development in the ciliated protozoan Tetrahymena provides a remarkable example of genome surveillance mediated by an Argonaute small RNA pathway (Mochizuki et al., 2002) . In this system, an AGO pathway scans the entire contents of two nuclei that share a common cytoplasm. This process is thought to build an inventory of genes previously expressed in the parental macronucleus in order to direct massive chromosomal rearrangements during assembly of the new macronuclear genome. Could other metazoan Piwi Argonautes provide a correlate for this type of genome-wide surveillance? Although most metazoans do not undergo massive chromosomal rearrangements like those observed in Tetrahymena and other ciliates (Klobutcher and Jahn, 1991; Smith et al., 2009) , animal genomes nevertheless exhibit extensive chromatin remodeling during gametogenesis and especially during spermatogenesis and in zygotes shortly after fertilization (Sassone-Corsi, 2002) . Perhaps, in other animals, DNA methylation and chromatin marks, as well as RNA-binding proteins that stably associate with RNAs produced within different chromatin environments, could provide surrogates for the specificities associated with CSR-1 (memory of self/licensed) and WAGO (memory of nonself/silent). For example, piRNA complexes might only initiate or reinforce silencing on targets whose chromatin or RNA products lack marks indicative of ''self/licensed'' genes. In a context in which ''self'' sequences are protected from silencing, Piwi Argonautes could use their vast array of piRNAs, along with relaxed base-pairing, to ensure that silencing remains focused on foreign (or unlicensed) genes.
EXPERIMENTAL PROCEDURES
Worm Strains C. elegans culture and genetics were essentially as described (Brenner, 1974) . The Bristol strain N2 was used as standard wild-type strain. Alleles used in this study: prg-1(n4357), prg-1(tm873), and rde-3(ne3370). The MosSCI recipient strain EG4322 Mos1(ttTi5605) II; III and the direct insertion method (Frøkjaer-Jensen et al., 2008) were used to create single-copy insertion lines listed in Table S3 .
Creation of MosSCI Donor Vectors
The flag::prg-1(WT) and flag::prg-1(D583A) constructs were made as follows: a 5.0 kb PCR fragment containing the genomic sequence of prg-1 with 1 kb upstream and downstream was cloned into pCR-Blunt-II-TOPO using the Zero-Blunt-TOPO cloning kit (Invitrogen). A unique NotI site was removed from the plasmid and reintroduced immediately after the ATG of prg-1, and the 3xflag sequence was inserted into the NotI site. The D583A mutation was introduced by site-directed mutagenesis using the QuikChange Mutagenesis Kit (Stratagene). The flag::prg-1(WT) and flag::prg-1(D583A) fragments were subcloned into the MosSCI vector pCFJ151 (Frøkjaer-Jensen et al., 2008) using SpeI and XhoI sites.
The 21U-RNA reporter and control GFP reporter constructs were created by Multisite Gateway cloning (Invitrogen). The pie-1 promoter, GFP/histone 2B, and unc-54 3 0 UTR fragments were recombined using plasmids pCG142, pCM1.35, and pCM5.37, respectively, in a Gateway reaction with the pCFJ150 destination vector to create the final vector for insertion at Mos1(ttTi5605) on LGII. The 21U-RNA target sites or reverse-complement sites were introduced into the unc-54 3 0 UTR in pCM5.37 between the sequences ttactcttcaacatccctacatgc and tctttctccctgtgctcccacc by plasmid PCR with primers containing the inserted sequences, followed by DpnI digestion, phosphorylation with PNK, and ligation with T4 DNA ligase.
Small RNA Cloning and Analysis About 100,000 gravid adults were washed three times with M9 buffer, and RNA was extracted using TRI Reagent (MRC, Inc. CTGTA, CTGT, CTG, or CT were removed. Reads of at least 17 nt in length were mapped to the C. elegans genome (WormBase release WS215) and miRBase 16 using Bowtie 0.12.7 with the parameter ''-v 3 -a --best --strata -m 400''. A custom Perl script was used to perform a postmatch analysis, only allowing mismatches with reads R19 nt: one mismatch for 19-21, two for 22-24, and three for R25 nt. The Bowtie parameter ''-a --best --strata'' was used to return only the best matches. The read count of each sequence was normalized to the number of matches in the genome. To account for differences in sequencing volume between samples, we normalized the total of matched nonstructural RNAs to 5 million reads. A custom Perl script and Bioperl was used to draw scatter plots. The single nt histogram for the start site of matched RNA was obtained using a custom Perl script and the generic genome browser 1.70. All scripts are available upon request.
Lists of CSR-1 and WAGO targets are provided in Table S4 and Table S5 , respectively. CSR-1 targets were defined as genes with small RNAs enriched in three independent CSR-1 IP experiments . WAGO targets were defined as genes depleted of small RNAs in rde-3, mut-7, and drh-3 mutants ).
Bioinformatic Prediction and Analysis of 21U-RNA Targets 21U-RNA targets were identified using custom Perl scripts and Bowtie 0.12.7. We used Bowtie with parameter ''-n 3 -e 300 -l 6 -a -m 4000000'' to map annotated 21U-RNAs to annotated transcripts (WormBase release WS215) with up to ten mismatches. Mismatches at position 1 of the 21U-RNA or that correspond to G:U wobble base pairs were then discounted, and alignments with up to four mismatches were analyzed further. A custom Perl script was used to filter subsets of 21U-RNA targets with desired pairing criteria and/or 21U-RNA abundance. Unless a specific criterion is defined, we required a perfect match, with no more than one G:U pair, in the seed region (nt 2-8) and up to two mismatches and an additional G:U pair outside of the seed region. The abundance of each 21U-RNA was based on deep sequencing of small RNAs cloned from a PRG-1 IP (Batista et al., 2008) . A library of reversecomplement 21U-RNAs was also generated for the control analysis.
The density of antisense 22G-RNAs within a 100 nt window of predicted 21U-RNA target sites, centered around position 10 of the 21U-RNA, was determined using a custom Perl script. 21U-RNA target sites on chromosome IV or within 100 nt of another target site were excluded. The density profile is a sum of reads mapping to a given position within the 100 nt window around predicted 21U-RNA target sites.
qRT-PCR Analysis and Tiling Microarray Analysis qRT-PCR analysis for mRNA and small RNA was performed as described (Batista et al., 2008; Das et al., 2008) . Primer sequences are provided in Table  S6 . Tiling array data were published previously (Batista et al., 2008) . A Custom Perl script was used to convert Affymetrix probe coordinates (release WS170) to release WS215 coordinates. We identified probe signals present in both data sets with a p value < 0.1. Gene expression values were calculated as the geometric mean of probe signals within a gene and were normalized to total signal of all histone transcripts prior to comparison.
Protein Analysis
Western blotting was performed as previously described (Batista et al., 2008) . Antibodies used for western blotting were anti-FLAG (M2, Sigma), anti-PRG-1 (Batista et al., 2008) , and anti-alpha-Tubulin (MCA78A, Serotec).
ACCESSION NUMBERS
Illumina data are available from GEO under the accession number GSE38723.
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